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FIG 1. A full three-dimensional diffraction pattern from the bacteriorhodopsin molecule is used in this 
work, simulating the form of data that would be recovered after a successful alignment of the data 
from XFEL interactions with many randomly-orientated molecules. (a) The diffraction pattern from 
the molecule with the damage mechanisms turned off. (b) The diffraction pattern obtained when the 
molecule is illuminated by a 5 fs pulse containing 1012 photons and based on the damage mechanisms 
described in the text. (c) The logarithm of the ratio of the damaged to undamaged pattern, normalized 
so that the intensities at |q| =0 are of equal value. The reduction in the scattered intensity at high 
diffraction angles is apparent. Note that the ratio is highly non-uniform, so that a simple re-scaling is 
not able to recover the correct pattern. Adjacent red and blue pixels indicate regions where the ratio 
diverges indicating that a zero in the diffraction pattern has moved due to the effects of damage; there 
are many such regions throughout the data. The width of the array in these calculations corresponds to 
a spatial resolution of 1.04 Å.  
 
 
 
  
FIG 2. (a) Two-dimensional projection, Q, of the nuclear charge (in atomic units) through 
bacteriorhodopsin. It is evaluated as the Fourier transform of T(q), which is constructed directly from 
its definition and that of  TZ(q), Eq. (5), using the nuclear positions of bacteriorhodopsin obtained 
from the Protein Data Bank. The visible structure outside the molecular envelope carries super-
resolution information that is available for recovery from high-resolution XFEL diffraction data that 
reflects the fact that the nuclear positions do not generally sit at the central pixel position. For 
comparison purposes, each nuclear position is assigned the value of the nuclear charge at that point. 
(b) The reconstruction of the projected charge, Q, from simulated diffraction data corresponding to 
the interaction of bacteriorhodopsin with a 5 fs XFEL pulse of 1012 5 keV photons. The weak 
attenuation of the super-resolution fringes by the spherical support function is visible; the 
reconstruction corresponds to the input structure in all significant structural details and confirms that 
the approach described here recovers the full structural information. (c) Detail of a slice through the 
full three-dimensional reconstruction illustrating the recovery of the details of the molecular structure. 
In this case, the nuclear charge in the slice is plotted. One can directly associate a particular atomic 
species with a given site in the molecule by simply reading off the scale. To aid visualization, the 
fringes were eliminated from this plot by convolving the reconstruction with a three-dimensional 
Gaussian function.  
